and J. J. COONEY. Chemical analyses of asporogenic mutants of Bacillus cereus. J. Bacteriol. 83:1287Bacteriol. 83: -1293Bacteriol. 83: . 1962.-Bacillus cereus ATCC 4342 and three temperature-sensitive asporogenic mutants were compared regarding some basic cellular components and response to metals in a synthetic medium. The mutants sporulate when cultured at 28 C but are asporogenic when cultured at 37 C; the parent sporulates at both temperatures. Results of amino acid analyses of cells harvested at characteristic times during the culture cycle revealed no qualitative differences which could be related to the asporogenic nature of the mutants. All sporulating cultures synthesized dipicolinic acid during sporulation, but asporogenic cultures did not. The patterns of zinc, potassium, sodium, and calcium uptake, but not of iron or manganese uptake, appear to be affected in the asporogenic mutants. It was assumed that one or more of the synthetic pathways involved in the transition from vegetative cell to spore had been blocked in the mutants. If the nature of such blocks could be determined, basic information might be obtained relative to sporulation. It was felt that clues to the metabolic obstructions might be found by comparing the mutant strains when sporulating with the same mutants when asporogenic, and by comparing the mutants with the parent strain. Areas of investigation included uptake of metal components of the minimal medium and qualitative and quantitative differences in some basic constituents of cells harvested at characteristic times during growth and sporulation.
Previous reports have dealt with development of a minimal synthetic medium capable of supporting growth and sporulation of Bacillus cereus ATCC 4342, isolation of ultraviolet-induced asporogenic mutants, chemical screening of compounds for ability to reverse asporogeny in the mutants (Lundgren and Beskid, 1960) , and biochemical changes which occur in the minimal medium during growth and sporulation of parent and mutant strains (Beskid and Lundgren, 1961) .
The mutants have been termed temperaturesensitive because they sporulate when cultured at 28 C in the minimal medium, but not when cultured at 37 C.
1 Portion of a thesis presented in partial fulfillment of the requirements for the degree of Doctor of Philosophy.
It was assumed that one or more of the synthetic pathways involved in the transition from vegetative cell to spore had been blocked in the mutants. If the nature of such blocks could be determined, basic information might be obtained relative to sporulation. It was felt that clues to the metabolic obstructions might be found by comparing the mutant strains when sporulating with the same mutants when asporogenic, and by comparing the mutants with the parent strain. Areas of investigation included uptake of metal components of the minimal medium and qualitative and quantitative differences in some basic constituents of cells harvested at characteristic times during growth and sporulation.
It is widely accepted that optimal spore yields are obtained only when requirements for specific minerals have been met (Curran, 1957) . Foster (1958, 1959) demonstrated that certain metals "compete" for uptake by spores. In addition, specific metals are capable of controlling two characteristic spore properties, dipicolinic acid (DPA) level and heat resistance (Slepecky and Foster, 1959; Black, Hashimoto, and Gerhardt, 1960; Pelcher and Ordal, 1961) . Attention was therefore focused on the patterns of metal uptake in these organisms.
MATERIALS AND METHODS
Organisms and media. The parent organism used in this study was B. cereus ATCC 4342. The three mutants have been described previously (Lundgren and Beskid, 1960) and are coded in our collection as no. 40, 52, and 54.
The glucose-glutamate-glycine-salts (GGGS) medium of Lundgren and Beskid (1960) was used as growth and sporulation medium. Maintenance of cultures and preparation of inocula were as previously described.
Cultural conditions. Spore (parent strain) or vegetative cell (mutants) suspensions (1 ml) were used to inoculate 50 ml of GGGS medium con-were incubated at 28 or 37 C on reciprocal shakers. Growth and sporulation were followed turbidimetrically and by spore stains.
Harvest of cells. Cells were harvested for analysis at four characteristic times during growth and sporulation (or "abortive" sporulation for mutants grown at 37 C): (i) during the log phase of growth, (ii) at the peak of vegetative growth, (iii) during sporulation, and (iv) when sporulation was complete. The latter two stages were termed "abortive" sporulation in asporogenic cultures. These points corresponded to 18, 30, 40, and 54 hr incubation, respectively, at 28 C; and 14, 18, 24, and 30 hr, respectively, at 37 C.
Cells and spores were harvested by centrifugation, washed twice with sterile distilled water, and dried to constant weight under vacuum at 38 C, prior to storage over CaCl2.
Growth curves. Viable counts were made by plating samples at 3-hr intervals throughout the culture cycle at 37 C, and at 4-hr intervals at 28 C. Appropriate dilutions of cells were plated on GGGS agar and spread with sterile glass rods.
Analyses of cells. For qualitative amino acid analyses, 15-mg quantities of dried cells were hydrolyzed in sealed tubes with 1.0 ml of 12 N HCI at 20 psi for 3 hr. Tubes were opened, evacuated to dryness in a desiccator over NaOH pellets, and the residue taken up in 1.0 ml of 10% 2-propanol.
Two-dimensional chromatograms were prepared by spotting 40 ,uliters of hydrolyzate on Whatman no. 1 paper. Papers were developed in the ascending direction employing n-butanolacetic acid-water (4:1:5); and phenol-water (100:20) in the presence of acetic acid-water (1:1); 8-hydroxyquinoline was added to the mobile phase to retard phenol decomposition.
Amino acids were detected with polychromatic ninhydrin (Levy and Chung, 1953) and identified by comparison with a fingerprint standard of 25 known amino acids. Known amino acids were subjected to the same hydrolysis treatment as the cell samples. Methionine and cystine were distinguished from valine and diaminopimelic acid, respectively, with Feigl's reagent, and the presence or absence of arginine was confirmed by the use of 8-hydroxyquinoline (Block, Durrum, and Zweig, 1955) .
The method of Janssen, Lund, and Anderson (1958) was used to quantitate dipicolinic acid in cells and medium. Cell-free medium was obtained for DPA assay by Millipore filtration.
For the determination of zinc, dried cells were first digested by the method of Slepecky and Foster (1959) . Zinc was determined by the dithizone method (Sandell, 1950) . Digestion of cells and subsequent assay for manganese were according to Horwitz (1955) .
A wet-ashing process was employed to prepare cells for magnesium, iron, potassium, and sodium assays. Dried cells (50 mg) were placed in a 30-ml micro-Kjeldahl flask with 2 ml of concentrated H2S04, 1 ml of concentrated HNO3, and 5 ml of double-distilled water. The mixture was digested over a flame until white fumes appeared, cooled, 0.6 ml of H202 (30%) was added, and the digestion was repeated. Additional digestions were carried out with 1-ml quantities of HNO3 until the mixture was water-white. Magnesium was determined by the thiazole-yellow method (Young and Gill, 1951) , iron by the o-phenanthroline method (Sandell, 1950) , and potassium and sodium were determined by flame photometry (Coleman Instruments Inc., 1958) . Because of the low calcium level in the GGGS medium, calcium was not quantitated.
Calcium uptake during growth and sporulation was determined by measuring consumption of Ca45, and adding to the medium 100 mg of CaCl2/liter rather than the CaHPO4 used in the GGGS medium. The inoculum was altered also; an 8-hr active culture, grown in GGGS medium supplemented with 0.2% yeast extract, served as inoculum. The inoculum change served to cut down the culture cycle time and contributed to greater culture synchrony than when spores were used for inocula. Zinc uptake under these altered cultural conditions was also measured. The test system consisted of 50-ml quantities of GGGS medium (100 mg CaCl2/liter) contained in 250-ml Erlenmeyer flasks. Each test flask received, before inoculation, 10,uc of Zn65 (0.065 mg Zn as ZnCl2) or 20 ,uc of Ca45 (0.592 mg Ca as CaCl2). Mutant no. 40 was the only asporogenic culture studied in this phase of the investigation.
At the four characteristic times during the culture cycle, 5-ml samples were withdrawn, centrifuged, and the radioactivity remaining in the supernatant medium was determined. Cells were washed twice with 2.5-ml portions of distilled water, suspended to 5 ml, and counted.
The combined washings were also counted. The per cent of total radioactivity taken up by the cells was determined, and used to calculate the total amount of zinc or calcium taken up per mg of dried cells. Zn activity was measured using a well-type scintillation detector containing a NaI crystal, and Ca45 activity was measured using a Geiger-Muller system.
RESULTS
Viable counts of the parent and mutant no. 40 indicated that sporulation was preceded by lysis (or cell fusion). No such decrease in viable count was noted in asporogenic cultures. In the early lag phase, the viable count of the mutant decreased by about 60%; the parent organism did not show such a large decrease.
Amino acids (alanine, aspartic acid-asparagine, diaminopimelic acid, glutamic acid-glutamine, glycine, histidine, leucine-isoleucine, lysine, proline, phenylalanine, serine, threonine, tyrosine, and valine) were detected in all cultures at all four stages examined. Mutant no. 54 appeared to lack phenylalanine whether sporogenic (28 C) or asporogenic (37 C). No sulfur-containing amino acids were detected, nor were arginine or tryptophan. Failure to detect these was probably owing to limitations of the detection methods. No basic hydrolyzates were examined for tryptophan.
The DPA and some metal contents of the cells during growth and sporulation or "abortive" sporulation are shown in Tables 1 and 2 Zinc uptake determined colorimetrically is indicated in these tables. At 28 C, zinc uptake by the parent and mutants occurred during growth, with the parent taking up more zinc during the early stages of growth than the mutants; zinc levels fell during sporulation. At 37 C, all of the mutants took up zinc during the latter stages of growth but the levels fell during "abortive" sporulation. In contrast, at 37 C no zinc was detected in cells of the parent B. cereus during growth, but zinc uptake occurred during sporulation.
The iron content of cells was low from the time of maximal growth through sporulation or "abortive" sporulation. At 28 C iron uptake by the parent and mutants 40 and 54 occurred during vegetative growth, and the level fell during sporulation. This same pattern was noted for the parent at 37 C, although the uptake by mutants 40 and 52 was negligible during growth.
The uptake of manganese during culture development appeared to be similar to that for iron. Generally, however, the intracellular concentrations were lower.
Magnesium uptake was noted in all cultures during vegetative growth at 28 C, followed by a decrease in level (except mutant no. 54) with a subsequent uptake during sporulation. At 37 C the parent and mutant no. 40 showed successively greater magnesium levels during the 30-hr culture period. Although the other mutants took up greater amounts of the metal during the log phase of growth, they differed both from the parent and among themselves in magnesium levels at the maximal stationary phase, and during "abortive" sporulation. The parent organism took up potassium during growth at both temperatures and released some during sporulation. The mutants responded similarly at 28 C; but when asporogenic (37 C), the mutants appeared to maintain a higher potassium level. At both temperatures large amounts of sodium were taken up by the parent during the log phase; these levels decreased with time and remained relatively low during sporulation. During growth at 28 C, the mutant's uptake of sodium was lower than the parent but paralleled the parent's level during sporulation. generally contained more sodium during "abortive" sporulation than was found in cells of the parent harvested at the same time.
Zinc uptake levels determined with Zn66 are indicated in Fig. 1 . Cells of parent and mutant no. 40 grown at 28 C contained nearly equivalent amounts of zinc at comparable stage in the culture cycle. At 37 C, however, the zinc content of the parent B. cereus cells decreased during sporulation and that of mutant no. 40 increased during "abortive" sporulation. Figure 2 shows patterns of calcium uptake. At both temperatures the parent organism took up little calcium during growth and exhibited a rapid uptake during sporulation. Cultures of the parent incubated at 37 C and harvested after 18 hr contained 25% spores, which probably accounts for the observed calcium level. During "abortive" sporulation, mutant no. 40 took up only 30% as much calcium as the parent organism. When sporogenic (28 C), mutant cultures accumulated calcium but the spores were located mainly in the culture froth and it was difficult to obtain a representative sample. The relatively low calcium levels of the mutant during sporulation are attributed to this sampling difficulty. Beskid and Lundgren (1961) reported the amounts of metals remaining in the synthetic medium at different times during growth and sporulation. Initially, our objective was to calculate recoveries of the original content of each metal in the medium from the amount remaining in the medium and the amount found in the cells. Our attempts were unsuccessful and several factors were probably responsible. (i) Some variation in growth and sporulation was noted in the cultures, since cells examined represented pooled contents from several flasks. Growth and sporulation were checked periodically to aid in the harvest of cells at the same stage of development. (ii) The intracellular levels of some metals were often close to the lower limit of sensitivity for the analytical method. (iii) The medium was assayed without digestion, which may have resulted in interference with colorimetric assays from accumulated organic by-products. Even though recoveries of the metals present in the medium were not possible, the trends indicated by results of analyses of the medium and of cells were in general agreement. Johnson (1961) has reported the presence of large cell forms of B. cereus which had a tendency to pair. We have also noted these large cells during culture development of our strain of B. cereus; many of these were noted to lyse, while others formed large sporelike bodies which stained with malachite green. Johnson suggested that the drop in viable count for his organism may be related to the tendency of the large cells to pair (and possibly fuse). Some of the decrease in viable count for our organism may have resulted from such a pairing or a fusing of cells. Cell lysis must have also contributed to the viable count drop, for the number of observed large cells could not have accounted for the extent of decrease noted.
DISCUSSION
During growth and sporulation, the parent organism and the mutants exhibited no qualitative difference in amino acid composition which could be related to the asporogenic nature of the mutants. Failure to detect sulfur-containing amino acids was surprising. Ordal (1957) observed that sulfur amino acids were required for good sporulation of B. coagulans, and Vinter (1957) found that mature spores of B. megaterium and B. cereus contained five times as much cyst(e)ine as vegetative cells just prior to sporulation. Failure to detect DPA on chromatograms is attributed to masking by the solvent systems employed. Young (1959) detected DPA on ninhydrin-treated chromatograms but employed different solvents.
To our knowledge, DPA has never been detected in vegetative cells prior to the onset of sporulation. It is unlikely that the small amounts found in all vegetative cells assayed could have come from inoculum spores which germinated, because DPA was detected far in advance of sporulation in cultures initiated from vegetativecell inocula (mutants at 37 C). Although other alpha-carboxy pyridine compounds will react with ferrous ammonium sulfate, Janssen et al. (1958) obtained quantitative recoveries when DPA was added to vegetative cells of a strain of B. cereus. Since DPA levels during sporulation and "abortive" sporulation were of primary interest in this investigation, the question of DPA levels in vegetative cells was not pursued further.
DPA increased during sporulation and decreased during "abortive" sporulation. When sporulation was complete at 28 C, mutants contained less DPA on a dry weight basis than the parent organism. From the data obtained, it is not possible to establish whether failure of mutants to synthesize DPA at 37 C is the basic reason for their asporogeny, or whether decreased synthesis is merely an indirect manifestation of their asporogenic nature. It was suggested (Mayall and Robinow, 1957; Foster, 1959; Rode and Foster, 1960) that DPA is located in the spore cortex. Hashimoto, Black, and Gerhardt (1960) observed that DPA synthesis occurred at the time when the cortex was laid down. If DPA is indeed localized in the spore cortex, low DPA levels in these mutants when they are asporogenic (37 C) may indicate that sporulation proceeds normally until synthesis of the cortex, at which time sporulation "aborts."
Spores produced in GGGS medium contained a maximum of 1.4 % DPA. Church and Halvorson (1959) observed that the DPA content of B. cereus spores was dependent on the amount of yeast extract contained in the medium. Others Pelcher and Ordal, 1961) (1958) found that calcium, manganese, and zinc formed chelation complexes with DPA but iron, potassium, sodium, and magnesium did not. Since the mutants were deficient in DPA when asporogenic (37 C), greater accumulation of zinc, manganese, and calcium by the parent organism during sporulation than by the mutants during "abortive" sporulation could have been owing to greater DPA content of the parent.
The response of normal (parent) cells to zinc and to magnesium was different at 28 C than at 37 C. This could indicate that different enzyme systems are involved in the sporulation process at 28 C than at 37 C.
Zinc levels of the different cell types determined colorimetrically differed in some instances from those determined using Zn65. Whether or not the differences are owing to the different analytical procedures cannot be stated, for a comparison of the two analytical methods using cells grown under the same cultural condition was not made. Both methods are extremely sensitive and experimental recoveries were satisfactory. The maximal difference in levels was approximately 20-fold as noted in the parent, vegetative cell stage at 28 C. The medium used in the isotopic assay contained much more calcium (36 mg Ca/liter) than that used in obtaining cells for the colorimetric assay of zinc (0.12 mg Ca/liter). Slepecky and Foster (1959) demonstrated that calcium and zinc effectively compete for uptake by spores.
In some cases the medium did not contain enough added sodium to account for the amount taken up by the cells, but sufficient sodium could have been present as a contaminant of other constituents of the medium to account for these observations.
If the mutants are compared with the parent organism, it is evident that they are not in the general class of "leaky" mutants in regard to metal uptake, since in some instances they differ from the parent in taking up more of a given metal than the parent organism.
The available data are not sufficient to pinpoint specific enzyme systems associated with the asporogenic condition; but, it is hoped that they will be useful in such an approach.
